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Abstract 
Background: Carnivores are re‑establishing in many human‑populated areas, where their presence is often conten‑
tious. Reaching consensus on management decisions is often hampered by a dispute over the size of the local carni‑
vore population. Understanding the reproductive dynamics and individual movements of the carnivores can provide 
support for management decisions, but individual‑level information can be difficult to obtain from elusive, wide‑
ranging species. Non‑invasive genetic sampling can yield such information, but makes subsequent reconstruction of 
population history challenging due to incomplete population coverage and error‑prone data. Here, we combine a 
collaborative, volunteer‑based sampling scheme with Bayesian pedigree reconstruction to describe the pack dynam‑
ics of an establishing grey wolf (Canis lupus) population in south‑west Finland, where wolf breeding was recorded in 
2006 for the first time in over a century.
Results: Using DNA extracted mainly from faeces collected since 2008, we identified 81 individual wolves and 
assigned credible full parentages to 70 of these and partial parentages to a further 9, revealing 7 breeding pairs. Indi‑
viduals used a range of strategies to obtain breeding opportunities, including dispersal to established or new packs, 
long‑distance migration and inheriting breeding roles. Gene flow occurred between all packs but inbreeding events 
were rare.
Conclusions: These findings demonstrate that characterizing ongoing pack dynamics can provide detailed, locally‑
relevant insight into the ecology of contentious species such as the wolf. Involving various stakeholders in data 
collection makes these results more likely to be accepted as unbiased and hence reliable grounds for management 
decisions.
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Background
Large carnivores are important for ecosystem sustaina-
bility and diversity, but in many places they have declined 
drastically due to anthropogenic pressure [1, 2]. Carni-
vores frequently come into conflict with human interests 
as they prey on domestic and game animals and are often 
perceived as a threat to human safety [2–4]. As a conse-
quence, many large carnivores have been eradicated from 
wide geographic ranges to date. However, strict conser-
vation measures have recently enabled their return in 
some areas, including Europe [5] and North America [6]. 
Re-establishment of such emotive species to urban and 
agricultural landscapes often triggers public concern as 
local people are no longer accustomed to the presence of 
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predators. Indeed, a better understanding of the re-estab-
lishing species’ biology has been shown to be essential to 
minimizing conflict and fostering sustainable coexistence 
of humans and wild carnivores [7, 8].
One of the most controversial and conflict-prone car-
nivores is the grey wolf (Canis lupus). Following near 
extirpation from most of Europe and North America, 
the species is now resettling in some parts of its previous 
home ranges [5, 9]. One such area is southwestern Fin-
land, which wolves have recently recolonized as breeders 
after an absence of ca. 120 years [10, 11]. This area has a 
tragic history with wolves that affects the social environ-
ment for their conservation and management: in 1879–
1882,  >  20 children were killed in putative wolf attacks 
and local wolves were subsequently eradicated by pro-
fessional hunters [12]. Rebounding started in 2006 when 
the first family pack was confirmed [10]. These historical 
events have contributed to a pronounced conflict over 
the re-establishment of wolves between enforced, top–
down conservation aims (e.g. strict protection under the 
European Union’s Habitats Directive) and local inhabit-
ants’ concerns for the safety of their families, livestock 
and pets [8, 11, 13]. This cultural context, together with 
incidences of wolf sightings close to human settlements 
[14], has provoked strong calls for the complete eradica-
tion of wolves from the area [8, 11].
A key element in conflicts over the management of car-
nivores is typically a lack of information or disagreement 
regarding basic biological facts related to the carnivores. 
In the case of wolves in SW Finland, there have been sev-
eral debates about the number of wolf packs and indi-
viduals, in which the opinions of different stakeholders 
vary and some local residents mistrust the official esti-
mates [8]. Reliable identification of individual wolves in 
this area could help to resolve the dispute over numbers 
of wolves, providing an unbiased basis for conservation 
and management, but this is not possible with the com-
mon census approach of track-based counts. To this end, 
genetic methods using non-invasively collected samples 
that allow individual identification but do not require 
capturing, handling or direct physical contact with the 
animals have recently provided a useful tool for studying 
the population size and structure of rare and elusive spe-
cies [15–18] including various wolf populations [19–21]. 
However, few genetic monitoring studies have thus far 
taken advantage of the insight that such data can provide 
on management-relevant reproductive dynamics [e.g. 
21, 22]. In a re-establishing population, robust charac-
terization of relatedness patterns allows (1) reconstruc-
tion of the colonisation history at the individual level, 
(2) identifying breeding pairs, and (3) inferring likely 
future breeding events. Understanding these dynamics 
provides a basis for targeted management actions [16], 
both immediate—e.g. identifying problematic groups or 
individuals for control—and anticipatory, such as pre-
dicting changes in pack configurations based on past 
responses to similar pressures. Investigating these pat-
terns of population change is particularly valuable in a 
recently-established and currently expanding population 
such as the SW Finland wolves, where pack development 
can be followed in almost real time and predictions of 
change tested in the context of e.g. harvesting of identi-
fied breeding individuals.
Particularly when data collection is based on citizen 
science—in which interested non-experts contribute to 
data collection—non-invasive genetic sampling provides 
an efficient alternative to deliver detailed monitoring 
of local individuals that does not rely on field observa-
tions of these elusive, wide-ranging animals and at the 
same time enables inclusion of different stakeholders in 
knowledge generation. However, non-invasive sampling 
also poses challenges for conventional genetic pedigree 
reconstruction techniques [23–26]. The genetic material 
can be of poor quality and prone to genotyping errors, 
and many parents of identified individuals may not be 
sampled but without a priori knowledge of which or 
how many individuals. Further, individuals may be both 
parents and/or offspring, but there is little prior cohort 
information to constrain these relationships. Pedigree 
reconstruction in a Bayesian framework provides a ver-
satile tool to overcome these constraints in a single ana-
lytical framework, reducing potential bias caused by 
assumptions around unknown variables and allowing 
phenotypic data to be considered together with genetic 
data in estimating parentages [23, 25, 27].
We used a combination of non-invasive and opportun-
istic samples to obtain genetic data from which to char-
acterize the relatedness structure of the re-establishing 
wolf population in SW Finland in a Bayesian framework. 
To enhance the social acceptance of our outcomes in 
this contentious debate, we employed a collaborative 
sampling framework that is primarily based on a joint 
effort between local people, wildlife administration and 
researchers. Thus, stakeholders representing a range of 
interests contributed to knowledge generation, with a 
view to decreasing conflict over knowledge ownership 
and bias. Using an established genotyping panel of 17 
microsatellite markers [28], we first identified 81 geneti-
cally unique individuals represented in the samples. We 
then reconstructed a multi-generational pedigree to 
determine reproductive pairs, identify family packs and 
characterize their habitat areas. Lastly, supplementing 
the family structure with temporally explicit observa-
tional data, we constructed a population history of wolf 
re-colonisation in this human-populated area. These 
data are already being used as a basis for local population 
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management and the entire monitoring framework is 
being expanded over a larger area.
Methods
Study area
The study was carried out in southwestern Finland in the 
regions Varsinais-Suomi, Satakunta and Uusimaa (Fig. 1). 
Wolves were extirpated from the area in the 1880s and 
only returned in 2005, when a pair was formed; since 2006, 
wolves or tracks have been observed continually in the 
area and reproduction is thought to have occurred annu-
ally [10 and unpublished data]. In recent years, wolf densi-
ties in this part of Finland have been as high as in the east 
of the country, close to the Russian border, where wolves 
re-established more than a decade earlier, in the 1990s 
[10]. Although separated by several hundred kilometres, 
these two populations are not isolated as this distance is 
within the established dispersal range of grey wolves and 
the land between the two populations is predominantly 
forested and hence suitable wolf habitat [29, 30]. Never-
theless, the population in SW Finland represents a pool 
of potential mates distinct from the eastern population, as 
there have been only few reproductive attempts in the area 
between southwest and eastern Finland [10].
Sample collection
This study used genetic data from non-invasive samples 
collected in 2013–2016 supplemented with genetic infor-
mation available from wolves that were killed or trapped 
in the area in 2008–2015. Our main source material for 
DNA extraction was non-invasively collected fecal sam-
ples, which are relatively easy to find either by following 
wolf tracks, especially during winter when snow-cover 
makes tracks more visible, or near wolf kill sites or along-
side forest roads, which wolves use when moving across 
the territory [31, 32]. Sample collection was initially 
organized and performed in collaboration with local 
wildlife agencies in the study area (Varsinais-Suomen 
and Satakunnan Riistakeskus, the Wildlife Agencies in 
Varsinais-Suomi and Satakunta), the Regional Wildlife 
Council (alueellinen riistaneuvosto) of Varsinais-Suomi, 
and the Natural Resources Institute Finland (Luke). 
Potential collaborators were invited to two meetings, and 
a voluntary scheme was established to opportunistically 
collect fecal samples. Sample collectors were mainly vol-
untary large carnivore personnel (hunters) that have been 
trained to identify wolf tracks and signs [see 10], with 
additional samples collected by other local hunters and 
nature enthusiasts that make recreational use of the area.
Sample collectors were provided with instructions and 
collection kits to ensure consistency in the sampling pro-
tocol and associated data. Whole fecal lobes were col-
lected using a plastic bag and the following information 
was recorded: name and e-mail address of the collector, 
date, coordinates of the sampling location or exact writ-
ten description about the sampling site, an estimate of 
how many days the sample may have been in the field and 
how many tracks were seen around the sample (if appli-
cable). Additional information was often added by sam-
ple collectors, for example to note uncertainty that the 
sample was produced by a wolf. To minimize DNA deg-
radation, samples were frozen upon collection and subse-
quently transported in cool bags to the laboratory, where 
they were stored at − 20 °C. In order to motivate sample 
providers, each participant received frequent feedback 
about the progress of the respective samples. Addition-
ally, two progress reports were sent during and at the 
end of the sample collection season. From summer 2014 
to spring 2016, new samples were collected by Natural 
Resources Institute Finland (Luke) assisted by the volun-
teers; the sampling scheme was not however advertised 
as widely as it was in 2013–2014 due to funding uncer-
tainty. In total, this collection protocol yielded 516 scat 
samples, 368 of which yielded at least partial genotypes, 
covering adults and litters produced in the breeding sea-
sons 2013–2015.
In addition to these non-invasive fecal samples, we also 
used 17 non-invasive secretion/tissue samples (urine, 
blood, saliva swabs from kills and hair) collected from the 
surface of the snow in the winters of 2014 and 2015 and 
16 tissue samples, contributed by EVIRA (Finnish Food 
Safety Authority) and the Natural Resources Institute in 
2014, from carcasses of wolves that had died of various 
causes (mange, car accident, legal shootings). In total, 
the study period yielded 394 genotype determinations 
sufficiently complete to be assigned to an individual, of 
which the majority (368; 93%), were generated from scats 
(Table  1). Finally, to obtain information on individuals 
historically present in the area, we included genotypes 
(N  =  18) from a small number of older fecal samples 
(N =  32) collected in the study area between 2008 and 
2012 by nature enthusiasts. We also used genotypes of 
10 individuals from a nationwide dataset of individual 
wolf genotypes [28 and unpublished], generated from 
tissue or saliva samples from animals that died (N =  7) 
or were captured alive (N = 3) in the study area during 
2008–2012 (Table 1). In addition, reference samples from 
domestic dogs of multiple breeds were collected as buc-
cal swabs from 77 dogs in 2014–15 by a veterinarian at 
Univet clinic, Turku, and extracted and genotyped using 
the same protocol as for wolf tissue samples.
Genotyping
Samples from a range of sources (tissue, feces, hair, 
urine and secretion samples) were processed as a part 
of ongoing monitoring procedures over several years, 
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and genotyping was conducted by several different 
researchers. Therefore, the DNA extractions and geno-
typing protocols were modified during the course of 
the research. Below, a summary of these procedures is 
provided; full details can be found in Additional file 1: 
Appendix 1.
Fig. 1 The study area in SW Finland, with the location of all samples collected, illustrating the location of pack territories. Samples are colour‑coded 
according to their natal pack. The larger symbols denote known breeders. Individuals of unknown/uncertain parentage are shown in grey, and 
more recent samples are shown in stronger colours. The inset shows the whole country with the study area outlined
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DNA was extracted using commercially available kits 
with minor modifications of the manufacturer’s proto-
cols. The kit and protocol varied depending on the DNA 
source material (details in Additional file 1: Appendix 1). 
Negative controls were added in all extraction batches 
where samples were expected to have low quality or 
quantity DNA. The quantity and quality of all extracted 
DNA were quantified using a NanoDrop ND-1000 
spectrophotometer.
All samples were genotyped at 17 established canid 
microsatellite loci (Additional file  1: Table S1) [33, 34] 
that have been previously used in wolf population genetic 
studies in Finland [28]. Separate amplification protocols 
were used for tissue and other sample types.
Amplification was conducted in 3–5 multiplex PCRs 
depending on the DNA source (Additional file 1: Appen-
dix 1) in 10–12  µl volumes containing 1–3  µl template 
DNA, 1 × Qiagen multiplex PCR master mix (QMP) and 
0.1–0.4 µM of each primer (Additional file 1: Table S1). 
The thermal cycling program was: initial denaturation 
at 95 °C for 15 min, 35–40 amplification cycles of dena-
turation at 94 °C for 30 s, annealing at 60 °C for 90 s and 
extension at 72 °C for 60 s, and a final extension step at 
60 °C for 10–30 min.
Individual multi-locus genotypes were generated using 
fragment analysis of the pooled fluorescently labeled 
PCR products. The allele sizes of the microsatellite mark-
ers were determined by capillary electrophoresis using 
an  ABI PRISM 3130xl Genetic Analyzer-sequencer 
(Applied Biosystems) and individual genotypes were 
called using the genotyping program GeneMarker v.2.2.0 
(Softgenetics, Inc.). After an automated initial allele call, 
all alleles were manually checked and confirmed before a 
final genotype was assigned.
Genotyping was carried out a number of times on each 
sample, as recommended to ensure reliability of geno-
types when analyzing very dilute and/or degraded DNA 
such as that extracted from feces [35–37]. Each sample 
was first amplified in three independent replicates; at 
each locus, heterozygous genotypes were considered reli-
able if both alleles were observed in at least two replicates 
and for homozygous genotypes if the same genotype was 
observed in all three [38, 39]. If any locus did not meet 
these requirements, a second series of three replicates 
was performed. If any locus yielded no reliable genotype, 
that locus was treated in the analysis as missing data.
Sexing
The sex of individuals identified through microsatel-
lite genotyping was determined genetically by amplify-
ing sex specific fragments from DBY intron 7 and DBX 
intron 6. Primers used for amplification are canid specific 
and amplify two differently sized fragments in males and 
one in females [40]. PCR amplification consisted of one 
multiplexed 10 µl reaction with primer concentrations of 
0.1–0.2 uM, 3 µl template DNA and 1 × Qiagen multi-
plex PCR master mix (QMP) primer (Additional file  1: 
Table S1). The PCR profile had an initial denaturation at 
95 °C for 15 min followed by a touchdown profile with 20 
cycles of denaturation at 94 °C for 30 s, annealing at 60 °C 
for 90 s with a 0.2 °C decrease in temperature after each 
cycle and extension at 72 °C for 60 s, followed by 20 more 
cycles with annealing at 55 °C and a final extension step 
at 60 °C for 30 min. Amplified fragments were visualized 
on a 2% agarose gel.
Individual identification
Individual identification analysis was done with the soft-
ware Gimlet v.1.3.3 and Cervus 3.0.7 [41]. Matching mul-
tilocus genotypes were assumed to represent the same 
individual. Due to the likelihood of genotyping errors 
due to the low quality and quantity of the non-invasively 
collected DNA, we allowed maximum two mismatching 
alleles (one at each of two loci) between genotypes for 
them to be considered to have originated from the same 
individual. All assembled consensus individual genotypes 
were successfully genotyped at a minimum of 11 loci 
(median 17 loci).
Molecular checks for potential dog samples were nec-
essary to ascertain that the collected fecal samples were 
indeed from wolves as the droppings and tracks of wolves 
and domestic dogs can look very similar in the field. Dog 
fecal samples were identified against the dog reference 
samples using either factorial correspondence analysis 
(FCA) in the software Genetix [42] or NewHybrids [43] 
and excluded from further analysis.
Pedigree fitting
The pedigree was estimated using the MasterBayes pack-
age in R, which implements a Monte Carlo Markov chain 
Table 1 Sample sizes at different stages of the study pro-
tocol. DNA amplification was attempted on all samples 
collected during the study period (2013–2015); the num-
ber of genotypes obtained and used in the analysis is 
lower as many samples did not yield a sufficient number 
of markers to assign the sample to an individual
Samples from before the study period (2008–2012) were obtained from other 
contributors as genotypes
Sample type Samples Genotypes 
obtained
Scats, study period 516 368
Tissue/secretions, study period 33 26
Scats, before study period 32 18
Tissue secretions, before study period 10 10
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(MCMC) sampling approach to simultaneously estimate 
the pedigree alongside other population-level parameters 
in a Bayesian framework [23]. Opportunistically or non-
invasively collected genetic data can be challenging for 
constructing pedigrees [23–25]. Several precise pedigree 
reconstruction techniques are able to overcome these 
data limitations by making assumptions on unknown var-
iables, but this can be problematic as it risks propagating 
errors into the parentage assignments [24, 26]. Moreover, 
resolving the direction of parent–offspring relationships 
in a multigenerational pedigree is an unsolved challenge 
in for exact pedigree reconstruction methods [25]. The 
Bayesian approach provides a robust solution to improve 
reliability of parentage assignment in incompletely sam-
pled populations using low-quality DNA sources [23–25]. 
Unknown parameters such as the unsampled population 
size and genotyping error rate are modelled including 
uncertainty, avoiding assumptions and thus reducing bias 
in parentage assignments, and the iterative sampling of 
pedigree configurations enables identification of the most 
likely directions of relationships between individuals 
without demographic information [23–25].
Allele frequencies were taken from a previously pub-
lished data-set covering the entire range of the Finnish 
wolf population [28] (Additional file 1, n = 185 individu-
als) to avoid skewing the likelihoods of allele sharing by 
descent in the small, potentially closely related popu-
lation of the current study. Alleles in the SW Finland 
sub-population that were not present in the Finland-
wide sample were added manually at low frequency. All 
pedigrees treated genotyping error rate as two distinct 
components, drop-out rate (non-amplification, E1) and 
stochastic error (genotype wrongly scored, E2) [44]. All 
pedigrees used the same priors on unsampled popula-
tion size, broad lognormal distributions with means 
in the likely real parameter range (for males µ =  log(7), 
σ = 0.5; for females, µ = log(2), σ = 0.5), and all MCMC 
chains were thinned every 2 iterations. Individuals that 
mismatched offspring at more than 4 loci were excluded 
as potential parents; the main pedigree was robust to a 
range of mismatch thresholds. For each pedigree, the 
MCMC sampling was tuned to achieve the recom-
mended acceptance rate for efficient mixing (30–50%). 
Individuals known to have died at younger than 2 years 
of age (the earliest known reproduction of wild wolves 
[45]) were excluded as potential parents and the pedi-
gree was checked for legality (no loops) at each iteration. 
The data was ordered to make later-observed individuals 
more likely to be fitted as offspring, but no explicit tem-
poral information was available to inform age or cohort 
structure. To optimize our use of the available data and 
improve the mixing of the Markov chains, the final 
pedigree was obtained in several stages: (1) deriving a 
preliminary pedigree to inform estimation of genotyping 
errors; (2) estimating error rates; (3) restricting candidate 
parents to likely individuals; (4) fitting pedigrees using 
these estimated parameters; (5) averaging out stochastic-
ity in the sampling to obtain a robust main pedigree; (6) 
assessing the biological sensibility of all assignments.
First, a preliminary pedigree (step 1) was estimated 
using the consensus individual genotypes with fixed error 
rates (E1  =  4%, [46]; E2  =  2.2%, [47]), run for 20,000 
iterations with a burn-in of 2000, and the modal pedi-
gree extracted from the sampled posterior distribution 
of pedigrees. Parentages with over 90% confidence from 
this preliminary pedigree were used as the input pedi-
gree for the error rate estimation (step 2) from the per-
sample dataset, which thus used information both from 
repeated samples of individuals and family relationships. 
Error rates were estimated for each locus. The pedigree 
was kept fixed, priors on the error rates were broad with 
means as above (shape parameters of beta distribution: 
E1, α = 4, β = 100; E2, α = 2, β = 100) and the model 
was initiated at a high but realistic value for both error 
types (0.1) to fully explore parameter space. In pedigree 
estimation (steps 3 and 4), the estimated error rates 
were used for individuals represented only by scat sam-
ples, which made up the majority of both repeat samples 
and samples from individuals with preliminary pedigree 
information. For tissue samples, error rates could not be 
reliably estimated from this data (only 6 individuals had 
more than one tissue sample), so a constant E1 and E2 
from previous work for a range of tissue types were used 
across the panel [47]. To further reduce the dimensional-
ity of the main pedigree estimation problem and hence 
increase confidence in distinguishing between parents 
with numerically similar likelihoods, before fitting the 
final pedigree, we first identified potential breeding indi-
viduals (step 3). This model used fixed, derived error 
rates from step 2 and was run 20 times, each run using 
25,000 iterations after a short burn-in of 1000 to ensure 
sufficient exploration of probability space. From across all 
20 modal pedigrees, all individuals assigned in ≥  5% of 
parentages were taken as “possible breeders” in the main 
pedigree estimation.
For the main pedigree fit (step 4), we restricted poten-
tial parents to be only the identified possible breeders 
and used a chain of 30,000 iterations with a burn-in of 
3000. To make the ultimate output pedigree robust to the 
stochasticity inherent in a random sampling scheme, this 
main model was run 20 times and  the modal pedigree 
extracted from each run including likelihoods for each 
assignment. For each offspring, the average likelihood 
of each parent pair was calculated across these 20 pedi-
grees (step 5) and the most likely overall pair assigned as 
parents  in the main pedigree. These assignments were 
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robust to lability among poorly resolved relationships. 
However, due to a lack of accurate temporal informa-
tion and low diversity at many of the microsatellite loci, 
some assignments required manual correction post hoc 
(step 6) according to biological understanding (“biologist 
corrections” [48]). These corrections were based on likely 
birth years inferred from the obtained pedigree, a mini-
mum age of 2 years at reproduction, and wolves’ mating 
system of only one pair in each territory producing a lit-
ter of several cubs [45]. Because reliable age data was only 
available for very few individuals and could thus not be 
used to constrain candidate parents, some assignments 
were found to be temporally impossible (insufficient 
time for given number of generations) based on birth 
years (cohort) inferred from sample dates for individuals 
throughout the pedigree structure. Such anachronisms 
were manually removed (mothers of 2 offspring, details 
in Additional file 1). In addition, certain medium-confi-
dence (70–80%) parent pairs were biologically unlikely, 
appearing in the pedigree as parents to only one individ-
ual, whereas all reliably assigned pairs (with at least one 
offspring assigned to both parents with over 95% likeli-
hood in the final pedigree) were represented by several 
offspring. In all such cases of uncertain assignments, par-
entages could be confirmed or offspring could manually 
be reassigned to a reliably identified breeding pair, in the 
same territory as the offspring, whose genotypes were 
consistent with the offspring’s.
Simulation tests of assignment accuracy
To explore constraints on the reliability of assignments, 
pedigrees were fitted to simulated genotypes using differ-
ent numbers of microsatellite markers. Genotypes were 
simulated using the simgenotypes function in Master-
Bayes for the sampled population, using the configura-
tion of the final pedigree as the “true” pedigree and using 
the same base allele frequencies, error rates and set of 
possible parents as above. Genotypes were simulated for 
panels of 5, 10, 17, 20, 25, 30 and 34 loci, randomly sam-
pled without replacement (within each group of up to 17 
loci) from the real markers [following 26]. For each panel 
size, 10 sets of genotypes were simulated, and for each 
simulated genotype set, a pedigree was fitted according 
to steps 3–5 above. This output pedigree was compared 
to the true (input) pedigree.
Analysis and pedigree interpretation
All analysis was carried out in R [49]. Expected heterozy-
gosity  (HE) was calculated using the library pegas [50], 
population-level inbreeding based on allele frequencies 
using the library adegenet [51], and inbreeding based on 
pedigree links using the library pedigree [52]. The simu-
lated pedigrees were assessed in terms of the number 
of confident assignments made, and the number of con-
fident assignments that were correct, i.e. matched the 
input pedigree. Unless otherwise stated, we term assign-
ments “confident” at over 80% likelihood. All descriptive 
statistics are given as mean ± standard error.
From the pedigree, we interpreted further details of 
breeding timing and dispersal routes using knowledge of 
the biology of the system and the place and time of col-
lection of each sample. Likely breeding years, and hence 
birth years of new cubs, were inferred from the simul-
taneous appearance of sibling groups, supported by the 
estimated ages of killed young wolves (where available). 
Individuals assigned to two unsampled parents were 
assumed to be immigrants. All these interpretations are 
henceforth presented as “likely” scenarios, as we cannot 
rule out that individuals were present at other times or 
places but simply avoided detection, which could affect 
interpretation.
Results
In total, 516 scat samples were collected in the study 
area by at least 48 named collectors. Of these samples, 
10 were identified as non-wolf (dog or other canid). Of 
the wolf samples, 368 were successfully genotyped at 
≥ 10 loci and could be assigned to a known or new indi-
vidual. Among all samples, including those from other 
sources, we identified 81 distinct individuals, represented 
by 1–19 samples each (median 4 samples per individual). 
Of these, 23% of samples required a second (78 samples) 
or third (6 samples) triplicate PCR run to obtain a suf-
ficiently complete genotype.
Of the 81 individuals, 46 (57%) were confidently 
(≥ 80% likelihood) assigned both a known mother and 
known father, while only 11 (14%) could not be confi-
dently be assigned any parent (Table 2). Of all 162 pos-
sible assignments (mother and father of 81 individuals), 
116 (72%) were made with over 90% likelihood and only 
7 (4%) with less than 50% likelihood. Of the confident 
Table 2 Summary of the number of confident assignments 
made in the pedigree fit (main pedigree) and following 
knowledge-based confirmations of low-confidence assign-
ments or adjustments of temporally impossible or biologi-
cally unlikely assignments (final pedigree). Complete indi-
vidual assignments from the main and final pedigrees are 
given in Additional file 1
Nr. of individuals
Main pedigree Final pedigree
Both parents 50 70
Only mother 6 4
Only father 14 5
Neither 11 2
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assignments, 5 were to unsampled parents (3 sires and 
4 dams, including 2 unsampled pairs). After making 
manual adjustments based on biological understanding 
for one or both parents of 13 offspring and confirma-
tions for a further 13 (details in Additional file  1), the 
final pedigree gave credible full parentages for 70 of the 
81 individuals (86%) and left only 2 individuals (2%) 
with no credible assignment for either parent (Table 2). 
Manual changes were particularly necessary among a 
group of historical individuals (AUL-002 to AUL-009; 7 
of these 8 individuals had assignments altered or con-
firmed) not recorded since 2009 and with no confident 
links to other sampled individuals. Relationships within 
this historical group were poorly resolved and they are 
therefore not included in our analysis of recent pack 
configurations.
Panel-wide  HE was 0.58 ± 0.04 (range per locus 0.20–
0.78). Although inbreeding appeared high at the popu-
lation level on the basis of allele frequencies (across all 
individuals, mean F  =  0.15  ±  0.01, range 0.05–0.47), 
the pedigree structure gave evidence of only one recent 
inbreeding event between a grandfather and grand-
daughter (which gives a pedigree-based F = 0.007).
Using knowledge about the biology of the system com-
bined with sample-level location and temporal data, we 
were able to reconstruct temporally explicit pack dynam-
ics and individual movements over the study period 
(Fig. 3). Throughout the study period, breeding pairs and 
timing of reproductive events identified from the pedi-
gree were consistent with available field observations of 
individuals and packs. Litters were produced by 7 breed-
ing pairs across 4 pack territories, including the split of 
one pack territory into two and one pair that established 
a new territory ~ 150 km south-east of the core monitor-
ing area during the course of the study (Figs.  2, 3). The 
cumulative number of identified offspring produced by 
each pair ranged from 3 to 18, with all sibling groups 
likely spread over 1–3 years of breeding pair tenure. Dis-
persal was common, with gene flow observed to and/or 
from all packs.
Fig. 2 The final pedigree configuration, with known breeders shown individually and other individuals shown in sibling groups. Squares denote 
males and circles females. Symbol colours denote the individuals’ breeding pack and the symbol outline colours indicate their natal pack. Solid lines 
show links with over 95% confidence and dotted lines 80–95% confidence. The double line indicates inbreeding. Assignments to some cubs in the 
sibling groups were manually altered; full details of the pedigree are given in Additional file 1
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Adults showed a range of strategies to secure breeding 
opportunities, with some indications of sex differences. 
Among adults whose natal packs were known, one female 
and one male inherited breeding positions, whereas four 
females but no males dispersed within the area before 
establishing as breeders. Among individuals of unknown 
origin, six were males and two females, of which all but 
two males established as breeders. That these individu-
als’ parents were not represented in our samples may be 
because they are long-distance immigrants, with parents 
outside the sampling area, or because they represent the 
earliest samples collected in our study (particularly for 
Fig. 3 Schematic representation of pack dynamics, as indicated by changes in the breeding pairs, in the study area over the study period. Only 
known breeders are shown; circles denote females and squares males. Inferred years of reproduction are shown next to each alpha pair. Solid 
arrows show individuals’ dispersal from natal locations and dotted arrows show mate switching and dispersal of established breeders. Individuals 
with no parents indicated have uncertain or unsampled parents; see Fig. 2 for the finalized pedigree and Additional file 1: Table S2 for full details 
of the pedigree fit. Pack areas are approximate and do not reflect real territory boundaries; they are only drawn for illustration. True locations of all 
samples are shown in Fig. 1
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the earliest breeders), with parents outside the sampling 
period. The longest-established pack (Mynämäki terri-
tory, Figs.  2, 3) has had three distinct identified breed-
ing pairs since 2009, with the latter two consisting of an 
offspring of that pack, i.e. inheriting the breeding posi-
tion, with a dispersing mate. In the first such case, a 
daughter reproduced once with a likely immigrant male 
in 2012 (after the initial breeding female was shot the 
previous winter). In the second case, 2 years later, a son 
reproduced with a female originating from the neigh-
bouring Köyliö pack) (Fig. 2). The likely immigrant male 
from 2012 subsequently reproduced with another female 
for 3 years in a neighbouring area, establishing the Pöy-
tyä territory. This indicates that in 2012 the territorial 
dynamics were still rather unestablished in the area.
In contrast to Mynämäki, offspring in the Köyliö pack 
have been produced by only one male, a likely immigrant, 
paired with two different females (a likely immigrant for 
2011–14, followed in 2015 by the male’s granddaughter 
dispersing from the Mynämäki pack). Three daughters of 
the first Köyliö pair dispersed over several years to breed 
in neighbouring territories with inheriting (Mynämäki 
pack), likely immigrant (Raasepori pack) or adult dis-
perser (Pöytyä pack) males. Thus, in 2014, the three 
reproductive females in the core area were a mother and 
two of her daughters (Fig. 2).
The pedigree revealed two occasions of mate switches; 
in both cases a male’s initial female disappeared from the 
record but we do not have direct evidence of mortality. 
It is therefore unclear whether these switches were active 
mate choice by the male or a response to losing an estab-
lished partner. There were no instances of new breeding 
pairs being established between existing pack members. 
Full details of the interpretation of pack dynamics are 
given in Additional file 1.
To examine the statistical robustness of our parentage 
assignments, we repeated the pedigree fitting on a popu-
lation of simulated genotypes based on the data. This test 
showed that 17 markers, i.e. the size of the current panel, 
gave a mean of 131.9 correct and confident assignments 
(81.4% of 162 possible assignments). Increasing the 
panel size to 20 slightly improved accuracy to a mean of 
141.7 (87.5%) correct, confident assignment, but further 
increases up to 34 loci made no significant improvement 
(linear models: change to number of correct assignments 
with 20 compared to 17 markers, 3.27 ± 1.05, t = 3.125, 
p = 0.006; effect of number of markers from 20 to 34 on 
number of correct assignments − 0.06 ± 0.20, t = − 0.32, 
p  =  0.753) (Fig.  4). Hence, while our pedigree-fitting 
pipeline is not able to completely resolve all pedigree 
uncertainties, the confidently-resolved relationships in 
the empirical data are most likely reliable: at all simu-
lated panel sizes, very few confident assignments were 
made that were not correct (Fig. 4). At the current panel 
size of 17 loci, a mean of 132.4 parents were confidently 
assigned, of which 131.9 were correct, giving a false posi-
tive rate of only 0.3% among confident assignments in the 
simulation.
Discussion
Here, we have described the pack dynamics of a newly-
established and expanding wolf population in south-
west Finland based on a collaborative genetic sampling 
framework in which stakeholders representing a range 
of interests contributed to knowledge generation. We 
subsequently used this non-invasively collected genetic 
data for multi-generational pedigree reconstruction, 
allowing us to characterize reproductive dynamics 
and individual dispersal patterns in and between the 
local wolf packs. This ongoing study provides an excel-
lent opportunity to closely follow current changes in 
pack structure and reproductive decisions in a dynamic 
population. The reconstructed pedigree shows a closely 
interrelated population consisting of sibling groups 
from 7 breeding (alpha) pairs across four established 
packs in 2009–2015, with individuals dispersing/mov-
ing between all the packs. Despite this, there was little 
direct inbreeding among the range of strategies utilized 
to obtain and maintain reproductive opportunities. These 
results illustrate the value of molecular data for eluci-
dating reproductive dynamics and movements of packs 
and individuals in detail that not achievable through 
on-the-ground monitoring alone. Our analytical routine 
maximized confidence in the final pedigree despite the 
Fig. 4 Assignment success for pedigrees fitted to simulated geno‑
types using a range of marker panel sizes. For each panel size, n = 10 
simulated genotype sets. The total number of confident assignments 
are shown in black, and the number of confident assignments that 
were correct (captured the input pedigree used to simulate the geno‑
types) are shown in grey. Points and error bars show the mean ± 1 se. 
The black dotted line indicates the maximum number of assignments 
(162: mother and father of 81 individuals)
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potentially low quality of the primarily faecal DNA used, 
the collection of field data mainly by volunteers, and the 
inherent challenges of multigenerational pedigree recon-
struction in incompletely sampled populations [25]. 
While non-invasive genetic monitoring of individuals is 
a well-established management tool [15, 20, 37, 53, 54], 
our extension of previous approaches allows us to detail 
ongoing changes in the size and structure of packs and 
the population, providing accessible, unbiased informa-
tion that is much-needed in the fierce debate concerning 
management of the grey wolf.
Characterizing pack dynamics
We found that all packs in this small recovering popu-
lation are related through several different pathways. 
While calculations based on allele frequencies sug-
gested substantial inbreeding, the pedigree structure 
indicated that the high interrelatedness is largely due 
to the population being mainly composed of related 
sibling groups, rather than a result of recent inbreed-
ing events. Despite the newly-established population 
expanding to four simultaneously reproducing pairs in 
recent years, the first instance of direct inbreeding was 
only detected in 2015. Here, the female was the male’s 
granddaughter, a level of relatedness (r = 0.25) at which 
wolves have previously been shown to avoid inbreeding 
[between half-sibs; 55]. The rarity of inbreeding dur-
ing the study period suggests that inbreeding avoidance 
occurs in this population, particularly as most potential 
mates are related and many detected immigrants have 
become breeders;  inbreeding avoidance occurs in other 
grey wolf populations as well as in other canids [21, 55, 
56]. However, it is important to note that we have insuf-
ficient information to rule out the possibility that the 
first breeding individuals in the data (in the first pairs in 
Mynämäki and Köyliö) could have been relatives. Relat-
edness among the founders would for example contrib-
ute to the high apparent inbreeding suggested by allele 
frequencies. In addition, in this small population in 
which only a small proportion of individuals are likely 
to breed, genetic drift is expected to decrease diversity 
over time, and opportunities for inbreeding may become 
more frequent as the population expands [28]. Despite 
these influences tending to reduce diversity, our results 
suggest that natural mechanisms such as inbreeding 
avoidance can at the same time contribute to limiting 
the potential negative effects of associated inbreeding 
depression [as in 56], supporting the short-term viability 
of the SW Finland wolf population. Continued monitor-
ing of this expanding population affords a rare opportu-
nity to track ongoing changes in inbreeding dynamics, 
which could enable the design of management actions to 
provide opportunities for outbreeding, such as dispersal 
corridors, and hence maintain diversity and support 
reproduction [56, 57].
Potential and established breeders used a broad range 
of strategies to obtain and maintain reproductive oppor-
tunities, with inbreeding apparently the least preferred 
option after dispersal to existing or new packs, inheriting 
breeding positions in the natal pack, or (for established 
breeding males) mate switching. The only instance of 
inbreeding occurred when a dispersing female joined an 
established male, whose previous mate disappeared from 
our records the year before the new litter was recorded. 
This diversity of breeding strategies and strong inbreed-
ing avoidance mirrors findings from a reintroduced 
North American wolf population [56]. Overall, females 
dispersed between known packs more frequently than 
males, although our pedigree shows that this may not 
be sufficient to ensure inbreeding avoidance in a densely 
occupied habitat. In contrast, males that became estab-
lished as breeders during the study tended to come from 
unknown natal packs, i.e. likely long-distance dispersers. 
This pattern of shorter female and longer male dispersal 
is also seen in other canids [African wild dogs Lycaon pic-
tus, 58]. Together with the observation that there were 
more novel breeding opportunities for females in our 
population, this suggests that while dispersal at the local 
scale may be sufficient to secure a breeding position for 
females, males must disperse over longer distances. Such 
immigration is extremely valuable in maintaining genetic 
diversity and population viability, particularly in small 
and interrelated populations [56, 57]. Dispersal is com-
mon in other parts of the expanding Finnish wolf popu-
lation: in a 6-year study, over half of tracked non-alpha 
individuals dispersed from their natal pack, but with only 
a minority of dispersers (33%) reproducing in a new terri-
tory [29]. Moreover, our female-biased local dispersal but 
male-biased immigration suggests that harvesting breed-
ing males may limit population expansion more than 
removing females, which could be more easily replaced 
locally. In any case, continued population expansion 
does appear to be possible: two new packs were estab-
lished (Pöytyä and Raasepori) during the study, and suit-
able breeding territories may yet remain unfilled. Such 
insights into current reproductive dynamics illustrates 
the value of applying genetic monitoring approaches to 
a newly-establishing population, in contrast to previous 
work focusing on established populations and historical 
patterns.
These insights into the behaviour of SW Finland wolves 
are underpinned by the robustness of our pedigree: 74% 
of all parentage assignments in the final pedigree were 
made with high confidence, even in this interrelated 
population with relatively few founders and consequently 
limited genetic diversity  (HE of 0.58, compared to 3-year 
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temporal estimates across the Finnish population dur-
ing 1995–2009,  HE  >  0.67, [28]). Of the low-confidence 
assignments, 15 could be confirmed based on biological 
understanding of the system, but conversely, such inter-
pretation suggested that 4 confident assignments and 16 
low-confidence assignments were biologically unlikely. 
The majority of these manual changes were made to par-
ents that were most likely too young or too many genera-
tions back, once likely birth years had been interpreted 
from the pedigree configuration of sibling groups and 
their detection dates. Reliable age data would contribute 
substantially to increasing confidence in our pedigree 
structure, but this is a challenge to obtain from non-
invasive samples. Due to the inherent opportunism in 
production and detection of faecal material, an individual 
may be in the population long before or after its first or 
last detection, even when the sample collection proto-
col is systematic. Therefore, we did not have sufficiently 
accurate chronological data for most individuals (e.g. 
cohort or death date) with which to explicitly constrain 
potential parent–offspring relationships. It would be 
valuable to investigate whether faecal lobe size could be 
used to indicate the age of individual wolves, as has been 
done in non-invasive genetic studies of western gorillas 
[59].
Despite these practical challenges, a non-invasive 
sampling scheme involving citizen scientists provides a 
productive tool to underpin management decisions for 
contentious populations such as the SW Finland wolves. 
Enabling local people from different backgrounds to con-
tribute concretely to data collection can mitigate the per-
ceived conflict over who holds ownership of information 
[8, 11, 13]. Moreover, direct involvement with monitor-
ing can increase the public’s understanding of wolf biol-
ogy, which contributes to mitigating conflicts with the 
predator [7, 8].
Pedigree reconstruction from low‑quality genetic material
In our study, the drawbacks of a non-invasive sampling 
scheme were dealt with effectively by combining it with 
Bayesian estimation of the pedigree. The lack of tempo-
ral resolution, individuals missing from the samples, and 
potential for high error rates associated with non-inva-
sive sampling of genetic material [36] are also inherent 
constraints on exact pedigree reconstruction techniques 
[23–25, 27]. The MasterBayes estimation framework 
currently provides the most utilitarian solution to this 
problem, with the possibility of using chronological or 
other phenotypic data (where available), to improve rela-
tionship resolution while retaining the ability to assign 
unsampled parents [27] and thus being robust to incom-
plete sampling of the population. However, even in this 
flexible pedigree-fitting routine, it remains a challenge to 
separate between parent–offspring and sibling relation-
ships (both r = 0.5) where one parent is unsampled and 
there is no temporal information to inform the direction 
of the relationship [23, 25]. For example, if the true father 
is missing from the data, the brother of an individual is 
likely to be assigned as that individual’s father [23]. This 
may have contributed to the difficulty in confidently 
resolving relationships among the historical members 
of the Mynämäki pack. The earliest litters of individ-
ual AUL-001, a long-standing breeding female in that 
pack, were produced before our systematic monitoring 
began (see SI), likely with an unsampled male, reducing 
our confidence in distinguishing sibships from parent-
ages. Similarly, individuals SAL-001 and REN-001 were 
assigned as father and son with an unsampled mother, 
but may in fact be brothers with both parents unsam-
pled. This uncertainty must be borne in mind when 
interpreting this type of genetic monitoring data from 
incompletely sampled populations, as in the majority of 
conservation applications.
Nonetheless, our simulations showed that at present, 
our panel of 17 established microsatellites [28, 33, 34] is 
sufficient to make over 80% of assignments confidently 
and correctly, and that this could be increased to a maxi-
mum of almost 90% by adding 3 extra loci. Broadly, the 
main limitation on inference from the pedigree was con-
fidence rather than accuracy of assignments: 10–20% of 
the simulation assignments were made with low confi-
dence, whereas for panels larger than 5 loci only an aver-
age of 2.4% of assignments were incorrect. Confidence is 
likely limited in part by population structure and in part 
by assumptions in the analysis. Firstly, the close related-
ness structure and limited genetic diversity of this pop-
ulation make it difficult to choose between genetically 
similar potential parents [60], often with descendants or 
siblings identified as parents. For example, AUL-001 car-
ried common alleles at many loci, giving several other 
individuals, particularly her offspring, similar likelihoods 
of having produced her offspring. Secondly, we estimated 
genotyping error rates conservatively—per sample, not 
accounting for consensus genotypes based on multiple 
samples—and thus they are likely too high. This relaxa-
tion of the assumption that genotypes are true reduces 
the chance of erroneous assignments, but also reduces 
confidence as mismatches could be due to error either in 
the genotype or the assignment. Using a different marker 
type, single-nucleotide polymorphisms (SNPs), has the 
potential to improve confidences by reducing genotyp-
ing error due to the shorter sequences amplified [61, 62]. 
SNP-based pedigree reconstruction has already gener-
ated management-relevant information on reproduc-
tive behaviour in brown bears (Ursus arctos) [22] and a 
96-locus multiplex SNP panel suitable for non-invasively 
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collected genetic material has recently been developed 
for individual identification of wolves [60]. However, the 
limited variation per SNP locus compared to multiallelic 
microsatellites, possibly exacerbated by relatively high 
rates of missing data (up to 10% of samples per locus; 
[61]), means that pedigree reconstruction requires a 
large number of markers to capture sufficient variation 
to resolve relationships. This sort of study would likely 
require a larger number of markers than currently estab-
lished for wild wolves: using non-invasive samples from a 
wide-ranging brown bear population, 96 SNPs were suffi-
cient to identify 433 individuals but to assign at least one 
confident parent to only 82 of these (19%; [22]).
Conclusions
The pipeline we have developed provides a reliable 
framework for pedigree reconstruction in this newly-
established, incompletely and non-invasively sampled, 
multigenerational population. While some uncertainty 
remained in the computational outcome, this could 
mostly be satisfactorily resolved through manual correc-
tions based on knowledge gained from the output pedi-
gree. From the final pedigree, many aspects of population 
change of direct relevance to management decisions can 
be interpreted, such as dispersal and reproductive strate-
gies, reconfigurations of mating pairs following mortality 
and average breeding tenure. For example, understanding 
dispersal patterns allows inference of likely responses of 
packs to the removal of breeding individuals, and hence 
the potential to manage gene flow between packs to some 
extent by targeting certain individuals during population-
control hunting. Ongoing data collection will provide an 
opportunity to test such measures by examining changes 
in pack structure as a consequence of several breeding 
individuals being legally shot in 2016. These successes 
and opportunities support the continued use and planned 
expansion of this monitoring technique in this wolf pop-
ulation. If sampling and analysis can be conducted fre-
quently enough, pack dynamics could be tracked in close 
to real time, perhaps even enabling prediction of certain 
reproductive events. Understanding how pack structure 
changes in the early stages of recolonisation illustrates 
how natural establishments and management interven-
tions might proceed in other conservation contexts, such 
as reintroductions [16, 56]. As well as providing man-
agement-relevant information, the pedigree approach to 
characterizing population dynamics provides a qualita-
tive description of the history and current structure of 
the population that may be more likely to be understood 
and accepted as unbiased by different stakeholders in the 
conflict. Unbiased information and public involvement 
are crucial to help move the fierce debate away from gen-
eralizations and emotion-driven claims towards a more 
evidence-based discussion, facilitating effective decision-
making around the management of the wolves in this 
area and other re-establishing carnivores in densely-pop-
ulated areas globally.
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